that the acute inhalation toxicity of nitrogen trifluoride (NF,) is due to massive formation of methemoglobin, with death ensuing from the resulting anoxia. These studies were performed with rats only and did not quantitate the acute inhalation toxicity of NF, by determination of median lethal concentration (LC50) values. The investigations reported here were, therefore, undertaken to evaluate the NF, LC50 at 15, 30 and 60 min in rats and mice and lethal concentrations to dogs and monkeys. Additionally, experiments were conducted to determine what short-term exposure levels of NF, would have no significant effects on all species tested. The latter series of tests was carried out to aid in setting up realistic emergency exposure limits. Present EEL values for NF, proposed by the Committee on Toxicology, Advisory Center on Toxicology, National Academy of Science, National Research Council (NAS/NRC) are 100 ppm for 30 min and 50 ppm for 60 min, corresponding to a dose level of 3000 ppm-min.
METHODS
Rodent exposures. Male Sprague-Dawley strain rats and ICR mice were exposed in groups of 10 in a 30-liter bell-jar chamber. The rats were allowed to run free in the chamber on a flat surface of wire mesh. The NF, was introduced into the air stream prior to entry into a duplicate chamber which was used to establish contaminant concentrations. Animals were loaded into the test chamber which was isolated from the contaminant introduction system by a 2-way valve. Air flow was fixed at 30 liters/min and was adjusted to give the desired concentration in the duplicate chamber determined by analysis. At this time, the valve was switched and the air stream containing the contaminant was directed into the test chamber. Wire mesh separated the animals from the point of atmosphere introduction. Exposure of animals was timed from the switching of contaminant into the chamber. The contaminant introduction into the air stream was closed off after 15,30 or 60 min, and air was allowed to pass through the chamber for 10 min more; then the chamber was opened and the animals removed. Application of Silver's Equation (Silver, 1946) demonstrated that 95 % of the equilibrium concentration of NF, was achieved in 3 min. The decay of the concentration after the contaminant was turned off matched the rate of increase at the beginning of exposure, so that the same concentration x time (CT) dose level was delivered to the animals as though the concentration had been immediately established and cut off.
Animals surviving exposure were held up to 2 weeks to include delayed deaths in the mortality compilation. LC50 calculations for rodents were made by a computerized version of the probit method of Finney (1964) .
Monkey and dog exposures. Male and female beagle dogs and rhesus monkeys were exposed in groups of 3 in a modified Rochester Chamber described by Haun et al. (1969) . Concentration was established in the test chamber using a 50 cubic feet per min (cfm) air flow rate and verified by analysis prior to introduction of the animals. The chamber door was then opened, and the animals were introduced as quickly as possible, a procedure that never took more than 1 min to accomplish. Analysis demonstrated that the concentration immediately after closure of the chamber door was always within 10 'A ofthe desired value.
In selected acute experiments, blood was drawn from the survivors immediately after exposure and every hour thereafter for measurement of turbidity, oxyhemoglobin and methemoglobin using procedures detailed in the Appendix. Sampling was continued until methemoglobin dropped to preexposure values. These experiments, however, were not used to estimate the lethality of a particular concentration. As with rodents, surviving monkeys and dogs were held for up to 2 weeks after exposure, but no deaths occurred more than 2 hr postexposure. Gross pathology examinations were performed on animals dying of acute exposure and on the survivors when sacrificed at varying intervals after exposure. Tissues were also taken for histopathologic examinations.
A 60-min exposure of 18 dogs to 9600 ppm was carried out, and survivors held for 6 weeks during which hematologic parameters were determined at intervals of 3-5 days on blood drawn from the jugular vein. Hematocrit was measured using microhematocrit tubes, and red blood cells were counted by a commercial instrument (Coulter Electronics, Inc.). Reticulocytes were counted in 1000 red cells after staining slide smears with brilliant cresyl blue. The percentage of red cells containing Heinz bodies was also estimated after staining with this dye by examination of 100 red cells. Hemoglobin and turbidity were measured by the method given in the Appendix. Emergency exposure limit (EEL) studies. Experiments were conducted for 15,30 and 60 min at dose levels of 120,000 and 30,000 ppm-min. For each concentration tested during EEL experiments, 6 dogs, 6 monkeys, 30 mice and 30 rats were used, with identical numbers of control animals. Separate exposures were conducted in the Rochester Chambers for the dogs, uncaged, the monkeys, caged singly, and the rodents, 10 to a cage. Animals exposed to the EEL test concentrations of NF, were held for 4 weeks postexposure. During this period, body weights were obtained weekly and hematologic parameters were measured twice weekly. After 4 weeks, the animals were killed for pathologic examination of all species and weight measurement of rat organs.
Chamber contaminant analysis. A gas chromatographic procedure was developed for the analysis of NF, chamber concentrations utilizing a 6-foot silica gel column thermostatically controlled to 40°C with a helium carrier gas flow of 100 cc/min and thermal conductivity detection. Chamber atmosphere, sampled from the vicinity of the experimental animals, was pumped through a manual gas sampling valve for introduction into the gas chromatograph. For standardization, samples were prepared by injection of pure NF, into Mylar @ bags which had been filled with known volumes of air measured by a wet test gas meter. Before entering the bag, the air passed through a desiccant tube to remove water. Analyses of replicate bags showed the 95 % confidence limits of the method to be + 5 % of any concentration generated for this study. Determinations were performed every 2 min which was satisfactory for the monitoring of 15 minor longer exposures.
Acute Exposures
RESULTS
Because of the ready availability of rats and mice, they were selected for determination of LC50 values which had a measurable degree of statistical precision. Smaller groups of monkeys and dogs were subsequently exposed to determine whether lethal concentrations for these species differed from rodents to any great degree. The mortality data for rats and mice are listed in Tables 1 and 2 , respectively, along with the LC50 values and 95% confidence limits. The comparable information for dogs and monkeys is given in Table 3 . The approximate LCSO's shown in Table 3 have not been assigned confidence limits since the numbers used in the large animal experiments were too small to yield precise values of LCSO's. They are included, however, for the purpose of comparison with rodent data, and indicate that dogs may be more resistant to the lethal effects of NF3 at 15 and 30 min than the other three species. The lines in Fig. 1 are least squares best fits to the LC50 rodent data plotted versus the reciprocal of the exposure time. If the classical relationship of LC50 x T = K were applicable, one would expect straight line plots extending through the origin. In the case of rats, the classical relationship is demonstrated. However, the line for mice does not pass through the origin but shows an intercept at 3900 ppm. A consequence of this is that the relative toxicity of NF, to rats and mice should undergo inversion at about 40 min exposure (l/T = 25 x 10e3 reciprocal min). The difference in LCSO's demonstrates that rats are more resistant than mice at 15 min. It is, however, difficult to see any difference between the rat and mouse values at 60 min because of the overlap in confidence limits. Therefore, in an effort to obtain supporting evidence of the inversion, an additional experiment was performed in which 10 rats and 10 mice were exposed to 4500 ppm of NF, for 120 min. The mice experienced 20 % mortality and the rats 90 % from this exposure, a further indication that the inversion of toxic effect does occur.
Approximately 90 % of the rat deaths occurred within the first 60 min postexposure, with most observedin the first 10 min. There were no deaths noted after 24 hr. Although 50% of the mice succumbed during exposure, there were more delayed deaths than in rats. Many survived for several hr, a few for 1 day, and 1 animal for 3 days. Those mice dying after 1 day showed extensive pneumonia on pathologic examination. The dogs and monkeys that did not recover almost always died within 1 hr after exposure.
Some eye irritation was noted in all species during exposure. Except for this, clinical signs appeared to result from anoxia due to methemoglobin formation and included rapid breathing, gasping and cyanosis in all animals and emesis in dogs and monkeys.
Survival in monkeys and dogs acutely exposed to NF, was dependent upon the amount of methemoglobin produced or, conversely, on the amount of oxyhemoglobin remaining in the blood as measured immediately after exposure. Conversion of oxyhemoglobin to methemoglobin, such that less than 4 g/100 ml oxyhemoglobin remained, invariably resulted in death of the animal. Hourly measurement of methemoglobin concentrations starting immediately after exposure showed a rapid linear decrease with a corresponding increase in oxyhemoglobin until preexposure values of methemoglobin were attained some 5-10 hr postexposure. Fig. 2 is a diagram of the course of methemoglobin conversion to oxyhemogiobin which was seen in a11 dogs surviving acute exposures. The pattern of methemoglobin development and postexposure disappearance was identical in monkeys.
Although methemoglobin returned to baseline levels, oxyhemoglobin concentrations after disappearance of methemoglobin were about 1 g/100 ml lower than preexposure values. Concurrent with this observation, the turbidity of the diluted blood was higher after exposure. Since the production of Heinz bodies is a common result of methemoglobin formation by such materials asphenylhydrazine(Jand1 et al., 1960) , the possibility VERNOT ET AL.
existed that the postexposure turbidity was caused by denaturation of the hemoglobin and subsequent Heinz body formation. Staining the blood sampled with cresyl blue, a standard vital stain for Heinz body detection, revealed the presence of numerous Heinz bodies in the red cells. Hemolyzed blood used for spectrophotometric analysis was centrifuged, and staining the residue with cresyl blue disclosed that it consisted mainly of qua&crystalline granules identical to those seen previously in the red cells. This was strong evidence that the turbidity in the blood of exposed animals was, in fact, due to the presence of Heinz bodies. Gross and histopathologic findings in those animals that died during or after exposure were consistent with a diagnosis of anoxia and massive methemoglobin formation. These findings included lung congestion, edema, and focal hemorrhage. Additionally, all organs of the viscera were congested, showing a pale to dark brown color, depending on the degree of methemoglobin formation. In all animals that survived acute exposures and were held 2 weeks or longer, no gross or histopathologic effects of exposure were noted.
In order to follow more precisely the course of hematologic changes caused by exposure to NF,, a group of 18 dogs was exposed to 9600 ppm, the LC50 concentration for 60 min, and the survivors were held for 40 days. Figures 3 and 4 depict the hematologic changes with time resulting from acute exposure to NF,. The close correspondence between turbidity and Heinz bodies is readily seen in Fig. 3 . Difference between the plots may be explained by the fact that the Heinz body measurement consisted of counting all red blood cells containing any Heinz bodies. Multiple inclusion bodies in individual cells, although seen, were not recorded. Heinz bodies attained a maximum some 2 days after exposure, remained fairly constant at a plateau for about 2 weeks, and decreased to zero after 3 weeks. Reticulocyte determinations gave scattered results, but appeared to peak at about 6 % after 3 weeks, returning to normal after 30 days.
As illustrated in Fig. 4 , red blood cells, hemoglobin and hematocrit all showed approximately the same 33 y0 decrease at about 2 weeks postexposure. The hematologic values then increased slowly, reattaining normal values at the end of the holding period. The clinical picture presented is one of a typical Heinz body anemia caused by intoxication with chemicals such as aniline, nitrobenzene and phenylhydrazine (Necheles and Allen, 1969; von Oettingenetal., 1947; Selwyn, 1955) .
Emergency Exposure Limit Studies
As noted previously, the NAS/NRC has set a tentative NF, EEL dose of 3000 ppmmin for 30 and 60 min. Since our work had indicated that the acute effects of NF, were caused by anoxia due to methemoglobinemia and that the anemia following acute exposure was reversible, a number of experiments were performed at subacute levels to determine whether the NAS/NRC recommendation could be revised upward.
The acute effects of carbon monoxide (CO), like those of NF3, result from anoxia and, since the EEL for CO is based upon a concentration which causes conversion of 15% of the oxyhemoglobin to carboxyhemoglobin, an NF, dose causing conversion of 15 % of the hemoglobin to methemoglobin was thought to represent an EEL value suitable for testing. Initial experiments indicated that a 120,000 ppm-min dose level of NF, would cause 15 % conversion of hemoglobin to methemoglobin. Therefore, dogs, monkeys, rats and mice were exposed to this dose level for 15,30 and 60 min. As Table  4 shows, the aim of 15 % conversion was fairly well achieved in all the exposures. No adverse signs were noted during exposure, and no effects were seen on body weight gain VERNOT ET AL. during the 28-day postexposure holding period, or on rat organ-to-body weight ratios at necropsy. Gross histopathologic examination revealed no differences from unexposed animals. Hematologic parameters of the dogs and monkeys were followed during the 28 days postexposure, with no observed significant change from controls on the part of monkeys. The dogs, however, demonstrated decreases in hematocrit, hemoglobin and red blood cell count, with minimum values being reached at time periods comparable to those after acute exposure. Table 5 shows that the average decrease in these parameters was 16 % compared with 33 % for the lethality studies. Thus, even though the tested dose was only 20% of the LC50 dose, the decreases in hematocrit, hemoglobin, and red blood cell count for the dog averaged 50% of the LC50 values. These effects were important enough to remove from consideration the use of 120,000 ppm-min NF, as an EEL because individuals with various types of anemia might be adversely affected by such decreases. Since it appeared likely that the amount of methemoglobin found immediately postexposure was a good indicator of the magnitude of the ensuing anemia, a study was instituted to determine the maximum NF, dose level which would produce no measurable methemoglobin in dogs within the precision of the technique used. Dogs were exposed to various concentrations for 60 min, immediately after which the methemoglobin content of the blood was measured. Table 6 shows that an approximate 30,000 ppm-min dose level produced 2.2% conversion of hemoglobin to methemoglobin. Since this is a zero result within the precision of the technique, it was concluded that this dose of NF, had no effect on the blood. o All exposures were 60 min long. Three dogs were exposed at each level
The EEL experiments previously carried out using a 120,000 ppm-min dose level were repeated for all species, using the 30,000 ppm-min dose level. Again, as expected no changes in body weight gain rate were noted during the 2%day postexposure period, or in rat organ-to-body weight ratio at necropsy. Gross and histopathologic examinations did not reveal any changes. In dogs, hematology values showed no decrease when compared to controls during the postexposure holding period. All the measurements made indicated that exposure to 30,000 ppm-min at 15,30 and 60 min had no detectable effect on any of the species tested. DISCUSSION Torkelson et al. (1962) exposed rats to NF, for 30 min and 1 hr. Their data indicated that deaths occur after exposures to between 10,000 and 20,000 ppm for 30 min and between 5000 and 10,000 ppm for 1 hr. These data compare well with our LC50 values for this species: 11,700 ppm for 30 min and 6700 ppm for 1 hr. Dost et al. (1970) found I-hr exposures of rats to 10,000 ppm NF, to be lethal to 87 "/, of the animals tested. Essentially, therefore, our experiments have shown the same degree of NF, toxicity to rats as have previous investigations. These earlier investigations also demonstrated that profound methemoglobinemia occurs in rats exposed to lethal concentrations of NF, vapor. In our study, examination of dogs and monkeys exposed to high concentrations of NF, demonstrated that the intensity of methemoglobinemia or, conversely, the amount of oxyhemoglobin remaining in the blood of animals surviving immediately postexposure determined whether the animals would recover or die. This fact, coupled with the toxic signs during exposureand the pathologic findings,indicates that the lethal effects of NF, by the inhalation route are due to anoxia caused by extensive methemoglobin formation.
Horecker ( 1945) was the first investigator to report that the turbidity of hemolyzed blood from individuals exposed to trinitrotoluene was due to the presence of Heinz bodies. He also noted that methemoglobin levels were slightly but significantly elevated in these subjects. Studies using experimental animals have shown the production of Heinz body anemias by many other chemicals (von Oettingen et al., 1947; Spicer, 1949; Sinha and Slight, 1968) . The development of the anemia is remarkably consistent in each case described: rapid production of methemoglobin and slower increase of Heinz bodies, reaching a maximum a day or two after initial intoxication. A gradual decrease in total hemoglobin occurs shortly after exposure and reaches a minimum in 5 days to 2 weeks depending on the species used, exposure conditions and particular chemical tested. The progression of effects of NF, exposure noted in this study followed this pattern very closely.
There has been some uncertainty about the production of sulfhemoglobin (Jandl, 1960) as a result of exposure to Heinz body inducing agents and about the persistence of methemoglobin after termination of exposure (von Oettingen et al., 1947) . Dost et al. (1970) reported an increase rather than a decrease of total hemoglobin in rats after acute intoxication with NF3. It is our belief that inferences concerning the presence of sulfhemoglobin, postexposure persistence of methemoglobin, and increased total hemoglobin after acute exposure to chemicals producing Heinz body anemia may have all been drawn from spectrophotometric measurement of absorbance in solutions made turbid by the presence of Heinz bodies.
In our experiments, the absorbances due to Heinz body turbidity at 630 nm and 578 nm were, respectively, 1.2 and I .3 times the absorbance at 720 nm. Therefore, the error due to turbidity, if it is not removed or corrected, becomes greater with decreasing wavelength and there will be absorbance increases at wavelengths when the following pigments are measured : methemoglobinnm, sulfhemoglobin-618 nm, and cyanmethemoglobin-540 nm. The practical result of an analysis for these blood pigments when undetected Heinz body turbidity is present will be that methemoglobin and sulfhemoglobin may be inferred to be present when they are not, or that the measured concentrations of all three will be higher than the true concentrations. Investigations of the effects of NF, and monomethylhydrazine (which also causes methemoglobinemia and Heinz body anemia) in this laboratory have shown that, after correction for turbidity, no sulfhemoglobin is formed, methemoglobin returns to baseline levels 5 to 10 hrs after termination of exposure, and total hemoglobin invariably decreases after exposure to those agents.
Although the dog was the most resistant species tested to the lethal effects of NFJ, dog blood exhibited much more severe decreases in hematologic parameters after exposure to this material. For that reason, dogs are very sensitive test animals for determining NF, emergency exposure limits, and the no-effect level found in this study probably contains an intrinsic safety margin. APPENDIX MeasurementofA4ethemoglobin, HemoglobinandTurbidityin BloodSampledImmediately after Exposure Before the exposures to NF, were begun, it was considered possible that other abnormal blood pigments besides methemoglobin might be produced. Because these pigments might have a short lifetime, it was necessary to employ a method that could be performed quickly and with a minimum of manipulation. Therefore, sampled blood was immediately diluted l/100 in ~/60 phosphate buffer, pH 6.0, and absorbance curves were recorded from 750 nm to 400 nm using a Bausch and Lomb 505 spectrophotometer. Examination of the absorbance curves demonstrated that the only blood pigments present were methemoglobin and oxyhemoglobin (any reduced hemoglobin present had been oxygenated on dilution). The diluted blood solutions were visibly turbid and this turbidity was revealed in the curves as a linear absorbance in the region 690-750 nm which appeared to affect the combined absorbances of methemoblobin and oxyhemoglobin at lower wavelengths. In order to isolate the effect of the turbidity, difference curves were run by using various combinations of oxyhemoglobin and methemoglobin (produced by adding different concentrations of potassium ferricyanide to control blood) in the reference cell of the spectrophotometer and blood from exposed animals in the sample cell. The peaks in the sample curves could be completely smoothed out by the correct combination of oxyhemoglobin and methemoglobin (further evidence of the absence of other blood pigments), and the absorbance due to turbidity increased with decreasing wavelength. At 630 nm, the average absorbance due to turbidity was 1.2 times and at 578 nm, 1.3 times that at 720 nm. At this point it was decided to adapt the procedure to the simultaneous qualitative estimation of turbidity, methemoglobin, and oxyhemoglobin (or total ferrohemoglobin in our system). Since the absorbance at 720 nm was due only to turbidity, at 630 nm to turbidity and methemoglobin, and at 578 nm to turbidity. methemoglobin and oxyhemoglobin, the concentrations of the two pigments and contribution of the turbidity could be estimated by measurement at these 3 wavelengths.
